Fe-S cluster biogenesis machinery is required for multiple DNA metabolism processes. In this work, we show that, in Saccharomyces cerevisiae, defects at different stages of the mitochondrial Fe-S cluster assembly machinery (ISC) result in increased spontaneous mutation rate and hyper-recombination, accompanied by an increment in Rad52-associated DNA repair foci and a higher phosphorylated state of γH2A histone, altogether supporting the presence of constitutive DNA lesions. Furthermore, ISC assembly machinery deficiency elicits a DNA damage response that upregulates ribonucleotide reductase activity by promoting the reduction of Sml1 levels and the cytosolic redistribution of Rnr2 and Rnr4 enzyme subunits. Depending on the impaired stage of the ISC machinery, different signaling pathway mediators contribute to such a response, converging on Dun1. Thus, cells lacking the glutaredoxin Grx5, which are compromised at the core ISC system, show Mec1-and Rad53-independent Dun1 activation, whereas both Mec1 and Chk1 are required when the non-core ISC member Iba57 is absent. Grx5-null cells exhibit a strong dependence on the error-free postreplication repair and the homologous recombination pathways, demonstrating that a DNA damage response needs to be activated upon ISC impairment to preserve cell viability.
INTRODUCTION
Cellular DNA is exposed to external and internal factors that might compromise its integrity, leading to genomic instability. This instability might occur at any step of the cell cycle, but it is prone to be caused by failures in DNA replication and in the DNA damage response (Aguilera and García-Muse, 2013) . This response integrates mechanisms that coordinately regulate cellular events such as cell cycle arrest, and replication or transcription block, in order to activate different DNA repair pathways in parallel. In the yeast Saccharomyces cerevisiae, the DNA damage checkpoint is the main checkpoint responsible for enabling cells to confront DNA damage and DNA replication stress (Davidson et al., 2012) . The signaling cascade of the checkpoint is conventionally mediated by Mec1 and Rad53 kinases, which regulate several processes to safeguard the genome integrity. One of these is Dun1 kinase activation, which is responsible of the upregulation of the ribonucleotide reductase (RNR) activity (Zhou and Elledge, 1993) that promotes dNTP synthesis. The yeast RNR enzyme is a tetrameric heterocomplex composed of a large and a small subunit, consisting of an Rnr1 homodimer and an Rnr2-Rnr4 heterodimer, respectively. RNR activity, which occurs at the cytoplasm, becomes tightly regulated at multiple levels upon DNA damage, most of them depending on Dun1. Thus, Dun1 controls the expression levels of RNR2, RNR3 (encoding an alternative component of the R1 subunit) and RNR4 by inhibiting the transcriptional repressor complex Crt1-Ssn6-Tup1 (Huang et al., 1998) . Dun1 also mediates the degradation of the Rnr1 inhibitor, Sml1, during the S phase and after DNA damage (Uchiki et al., 2004; Zhao and Rothstein, 2002) , resulting in increased dNTP pools (Zhao et al., 1998) . Another RNR regulation level lays on the subcellular distribution of the Rnr2-Rnr4 subunit, which must be cytoplasmic to bind to the Rnr1 one. This distribution is regulated by Wtm1 and Dif1 proteins, which operate in two independent branches of the Rnr2-Rnr4 localization pathway. Dif1 is required for the nuclear import of Rnr2-Rnr4, whereas Wtm1 anchors the complex once imported into the nucleus (Lee et al., 2008; Wu and Huang, 2008; Lee and Elledge, 2006) . As Sml1, Dif1 contains a phosphodegron that confers Dun1-dependent regulation. Dif1 degradation causes cytoplasmic Rnr2-Rnr4 enrichment. By contrast, WTM1 mRNA levels are destabilized in response to iron scarcity by the mRNA-binding protein Cth2 (Sanvisens et al., 2011) . In addition, RNR is activated in iron-limited conditions (Azad et al., 2013; Sanvisens et al., 2014) in a Dun1-dependent but Mec1-and Rad53-independent manner (Sanvisens et al., 2014) .
The DNA repair systems include mechanisms participating in single-stranded DNA (ssDNA) repair, such as the base excision repair, the nucleotide excision repair and the mismatch repair. Other conserved repair mechanisms involve recombinatorial repair strategies, such as the homologous recombination, the non-homologous end-joining (NHEJ), and the interstrand cross-linked repair (ICL) systems (Boiteux and Jinks-Robertson, 2013) . Homologous recombination underlies processes for the repair of DNA double-strand breaks (DSBs), maintenance of rDNA copy number and rescue of collapsed replication forks. In homologous recombination, the sequence information from a homologous DNA molecule is used as template for restoring lost genetic information. As a side effect, homologous recombination can lead to the loss of heterozygosity (Lisby and Rothstein, 2004) . Homologous recombination occurs during S phase and it is initiated by DNA nicks and ssDNA regions, rather than by DSBs (Lettier et al., 2006) . Homologous recombination requires the proteins of the Rad52 epistasis group, and Rad52 foci formation at 3′-DNA ends is needed for the recruitment of all other homologous recombination proteins (Lieber, 2010) .
In addition to the above repair pathways, cells display tolerance mechanisms, such as the translesion synthesis (TLS) pathway that allows replication across DNA lesions (Ulrich, 2005) . TLS is mediated by specialized DNA polymerases able to insert nucleotides opposite to damaged templates, which might increase the mutagenesis rate. Rad6 is an E2-ubiquitin-conjugating enzyme required for DNA-lesion bypass in yeast cells (Broomfield et al., 2001; Zhang et al., 2011) . In complex with Rad18, it ubiquitylates the DNA polymerase auxiliary factor proliferating cell nuclear antigen (PCNA). Depending on the specific ubiquitylated Lys residues in PCNA and the length of the ubiquitin chain, PCNA participates in the Rad5-dependent error-free TLS branch or in the Rev3-dependent error-prone branch of this same pathway, also described globally as post-replication repair (PRR) pathway (Zhang et al., 2011) .
Several studies have connected mitochondrial dysfunctions with nuclear genomic instability. Thus, proteins containing Fe-S clusters play important roles in diverse nuclear DNA metabolism processes, among other essential cell functions (Paul and Lill, 2015) . Fe-S cluster biogenesis is evolutionarily conserved and its initial stages take place in the mitochondria, where some clusters are assembled into mitochondrial proteins. Alternatively, others are then exported to the cytosol for their assembly into cytosolic and nuclear apoproteins by the cytoplasmic Fe-S cluster assembly (CIA) machinery. The ISC machinery is responsible of the Fe-S synthesis at the mitochondria, and involves the cluster formation on the Isu1 and Isu2 scaffold, which requires among others the cysteine desulfurase complex proteins Nfs1 and Isd11, the ferredoxin reductase Arh1, the ferredoxin Yah1 and the frataxin Yfh1 . Cluster dislocation from Isu1 and Isu2 is executed by the chaperone system comprising Ssq1, Jac1 and Mge1 and the monothiol glutaredoxin Grx5. Ssq1 acts together with Grx5 by transferring the [2Fe-2S] and [4Fe-4S] clusters to target apoproteins (Uzarska et al., 2013) . Lack of Grx5 in yeast cells causes mitochondrial iron accumulation, inability to grow in nonfermentable or minimal medium and hypersensitivity to oxidants (Rodríguez-Manzaneque et al., 2002) . The mentioned components constitute the core ISC assembly machinery, required for both mitochondrial and extra-mitochondrial Fe-S proteins . Mutants defective in any of such components activate Aft1, which controls the high-affinity system for iron uptake. By contrast, the ISC-targeting factors (Isa1, Isa2 and Iba57) are not required for the biogenesis of [2Fe-2S] clusters but act specifically for transferring clusters to mitochondrial target apoproteins (Gelling et al., 2008; Mühlenhoff et al., 2011; Sheftel et al., 2012) . None of the mitochondrial [4Fe-4S] proteins is essential for yeast viability, but alterations in such branch result in the loss of aconitase activity, as well as the impairment of lipoic acid synthesis and the lysine and glutamic acid biosynthesis pathways.
Recent outcomes show an increasing number of Fe-S proteins linked with the maintenance of genome integrity. These observations underscore the importance of mitochondrial functions on nuclear genome stability. To advance in the study of this relationship and the signaling pathways involved, we have analyzed the genetic instability associated with impairment of the ISC machinery, and determined the DNA repair pathways required for survival upon ISC impairment. We show that in these conditions, a Dun1-mediated DNA damage checkpoint pathway operates, which differs from the canonical one activated upon treatment with genotoxic agents.
RESULTS
Cells lacking Grx5 are hyper-recombinogenic and hypermutagenic and have constitutive high levels of DNA lesions
We initially determined whether the absence of the Grx5 glutaredoxin, which participates in the core pathway for Fe-S synthesis, causes genomic hyper-recombination. A chromosomal leu2-k::ADE2-URA3::leu2-k recombination system was employed in which recombinogenic events between the two leu2-k direct repeats are recorded by the appearance of 5-fluoroorotic acid (FOA)-resistant (FOA R ) colonies (Prado and Aguilera, 1995) . The Δgrx5 mutant displayed an ∼17-fold increase in FOA R cell frequency compared to wild-type cells (Fig. 1A) . This large increase in recombination events was not observed in other mitochondrial function mutants, such as Δaif1 or Δcox12, which exhibited much more moderate increases in recombination rate (Fig. 1A) . The hyper-recombinogenic phenotype in the absence of Grx5 was accompanied by an elevated frequency of mutation in nuclear genes, given that the frequency of canavanine-resistant (can R ) cells was more than fivefold higher in the mutant compared to the wild-type strain (Fig. 1B) . Increased recombination rates and mutation frequencies are associated with genomic instability and DNA lesions such as DSBs (Aguilera and Gómez-González, 2008) . Rad52 is a member of the homologous-recombination-based DSB repair mechanism, being recruited to 3′ ssDNA tails upon DSB processing (Mortensen et al., 2009) . Rad52 is also able to recognize ssDNA lesions (Lambert et al., 2010) . Therefore we employed Rad52-YFP fluorescent foci to monitor nuclear ssDNA lesions. In the subpopulation of budded cells, the Δgrx5 mutant displayed about fourfold more cells with Rad52 foci that the wild-type, whereas no foci were observed in unbudded cells (Fig. 1C) , supporting the idea that the comparatively high frequency of DNA lesions in the mutant is associated with DNA replication. As a control, wild-type and Δgrx5 cultures exposed to high doses of the oxidant tert-butyl hydroperoxide (t-BOOH) displayed foci in both budded and unbudded cells, although the frequency was higher in the mutant (Fig. 1C ), in accordance with the peroxide hypersensitivity of Δgrx5 cells (Rodríguez-Manzaneque et al., 1999) . Mutants lacking Grx5 or other components of the mitochondrial ISC machinery are hypersensitive to DNAdamaging agents
From the above results, we would expect the Δgrx5 mutant to be hypersensitive to DNA-damaging agents. In fact, when cells on solid medium were exposed to increasing doses of UV light, the Δgrx5 mutant was significantly more sensitive than the wild-type ( Fig. 2A) . We also checked sensitivity to the DNA alkylating agent methyl methanesulfonate (MMS) and to hydroxyurea, which is a dNTP depletor and consequently delays DNA replication (Alvino et al., 2007) . In both cases, the Δgrx5 mutant was substantially more sensitive than the wild-type strain ( Fig. 2A) , showing that the absence of Grx5 increases the sensitivity to genotoxic agents with different activities. However, the addition of N-acetyl cysteine does not rescue such hypersensitivity ( Fig. 2A) . Similarly, the Δgrx5 cells were also hypersensitive to MMS in anaerobic conditions ( Fig. 2B ) and in the presence of reduced glutathione (GSH) (Fig. 2C ). All these data support that such hypersensitivity would not be due to the constitutive oxidative stress generated in the mutant. We extended the study of sensitivity to DNA-damaging agents to other mutants in the mitochondrial ISC machinery. All mutants tested were hypersensitive to MMS although the Δgrx5 cells manifested the most marked phenotype (Fig. 2D) . The mutants were also hypersensitive to hydroxyurea, although in this case the Δiba57 and Δisa1 cells displayed the most intense effects (Fig. 2D) . Given that the absence of the above proteins involved in mitochondrial Fe-S biogenesis results in defective mitochondrial oxidative phosphorylation, we tested whether the Δcox12 or Δrip1 mutants, defective in the mitochondrial electron transport chain, were also hypersensitive to MMS, but this was not the case (Fig. 2E) . Therefore, the hypersensitivity of the ISC mutants to DNAdamaging agents is independent of defective oxidative phosphorylation.
To discard that the constitutive hyperaccumulation of DNA lesions and the sensitivity phenotypes of Δgrx5 cells are indirectly caused by uncharacterized mutations arising in the null mutant, a conditional mutant expressing GRX5 under the control of a tetO 7 promoter was employed. Histone H2A phosphorylation was determined, as a marker of DNA damage (Downs et al., 2000) . Doxycycline-promoted Grx5 depletion provoked a moderate but progressive accumulation of phosphorylated H2A ( phospho-H2A), which was considerably more intense upon MMS treatment (Fig. 2F) . After 24 h in the presence of doxycycline, when the Grx5 protein is almost totally depleted (Rodríguez-Manzaneque et al., 2002) , MMS treatment resulted in a marked viability loss compared to the control without doxycycline (Fig. 2G ). This therefore confirms that it is the absence of Grx5 that directly causes the accumulation of DNA lesions and the hypersensitivity to the genotoxic agent.
The Δgrx5 mutant and other ISC mutants display a delay in S phase progression
Hypersensitivity of the Δgrx5 and other ISC mutants to hydroxyurea could reflect constitutive DNA replication defects. Consequently, we studied the cell cycle progression after G1 arrest followed by synchronized release under control and hydroxyurea-treatment conditions (Fig. 3A) . Compared to wild-type cells, the untreated Δgrx5 and Δiba57 mutants already showed a constitutive delay of 15-30 min in the cell cycle progression. Under treatment with a moderate hydroxyurea concentration, an additional delay compared to wild-type cells occurred in both mutants, but it was more marked in the Δgrx5 cells. The double Δgrx5Δiba57 mutant behaved as the single Δgrx5 one. This epistatic effect is in accordance with the more general and mechanistically earlier function of Grx5 in the ISC machinery, compared with the Iba57 function.
To determine more precisely whether the S phase progression is affected in the absence of Grx5, we synchronized wild-type and Δgrx5 cells at the S phase entry by employing a thermosensitive cdc7 mutation (Amon et al., 1992) . Thus, cells were first synchronized at G1 with α-factor, subsequently released from this arrest and then arrested at S phase entry by rising the temperature, and finally released by returning to a low permissive temperature under control and hydroxyurea-treatment conditions. The experiment confirmed that it is progression through the S phase that is delayed in the mutant, and that the effect of hydroxyurea is also more intense in the mutant (Fig. S1 ).
Given that Δgrx5 cells are altered in Fe homeostasis (Rodríguez-Manzaneque et al., 2002) and RNR requires Fe for dNTP synthesis (Reichard, 1988) , we explored the possibility that the S phase progression delay in the mutant was due to low RNR activity and consequent dNTP depletion. Thus, we analyzed the cell cycle progression in Δgrx5 cells also lacking the RNR inhibitor Sml1. However, the Δsml1 mutation did not rescue the cell cycle delay of the Δgrx5 cells (Fig. 3B ), supporting the hypothesis that this defect is not directly caused by low RNR activity.
Defective Rad6-dependent translesion synthesis pathway has synergistic effects with the absence of Grx5
The cell cycle defects of the Δgrx5 mutant pointed to alterations in chromosomal replication, which in turn would explain the constitutively high recombination and mutation rates of the mutant.
We hypothesized that 'synthetic sick' genetic interactions could exist between the Δgrx5 mutation and mutations in pathways responsible for repairing the DNA lesions (or allowing replication across them) arising during chromosomal replication of Grx5-null cells. Therefore, we constructed double mutants lacking Grx5 and key functions of diverse DNA repair or DNA-lesion bypass pathways. Remarkably, after spore germination from a diploid heterozygous for the GRX5 and RAD6 genes, small colonies grew, which corresponded to double Δgrx5Δrad6 mutant cells. Exponential growth rates were recorded for Δgrx5 cells additionally mutated in one or both branches of the PRR pathway (Fig. 4A) . Thus, growth rate is severely compromised in the Δgrx5Δrad6 mutant, confirming that Rad6 function is important for Grx5-defective cells. Growth defects were also observed in a Δgrx5Δrad5Δrev3 mutant defective in both PRR branches (Fig. 4A) , indicating that the protecting function of Rad6 on Δgrx5 cells is associated with its PRR-related role. Comparing the growth rates of the Δgrx5Δrad5 and Δgrx5Δrev3 mutants (Fig. 4A) , we can conclude that the Rad5-dependent branch of PRR carries out a more important function in Δgrx5 cells than the Rev3-dependent branch, although both are additive. Next, we determined whether PRR was also important for Δgrx5 cell survival upon DNA lesion induction by MMS or hydroxyurea treatments. The Δgrx5Δrad6 and Δgrx5Δrad5Δrev3 cells were significantly more sensitive to both agents than Δgrx5 cells (Fig. 4B ), supporting such PRR role in repairing the DNA lesions accumulating in the Grx5-null mutant upon alkylation and/or replication fork arrest.
The Rad5-dependent PRR branch utilizes the homologous recombination machinery to restore DNA integrity (Ball et al., 2009) . We therefore determined whether mutations in homologous recombination had effects on the sensitivity of Δgrx5 cells to MMS or hydroxyurea. With this objective, we employed Δrad50 and Δrad52 mutants. Rad50 acts at an early step to repair DSB through homologous recombination or NHEJ mechanisms, whereas, as noted above, Rad52 is specific for homologous recombination, acting at a later step of this pathway upon recognition of ssDNA (Mortensen et al., 2009; Mimitou and Symington, 2009 ). The Δgrx5Δrad50 and Δgrx5Δrad52 double mutants were hypersensitive to MMS or hydroxyurea compared to the single Δgrx5 mutant (Fig. 4C) . Therefore, the homologous recombination machinery could participate in translesion repair in Δgrx5 cells upon treatment with genotoxic agents.
Impairment of the ISC or CIA machineries causes constitutive activation of the DNA damage checkpoint response Next, we asked whether constitutive DNA lesions in the absence of Grx5 activate the DNA damage checkpoint. With this objective, Sml1 protein levels were analyzed in the conditional tetO 7 -GRX5 mutant. Upon doxycycline addition a reduction of Sml1 levels was observed, indicating the activation of the pathway (Fig. 5A ). In addition, MMS treatment in Grx5-depleted cells aggravated the Sml1 protein decrease. To assess whether the presence of Grx5 molecules without biological activity also leads to Sml1 decrease, Sml1 protein levels were analyzed in mutant cells where Grx5 activity was totally abrogated (Cys60 to Ser change) (Bellí et al., 2002) . In these conditions, a decrease in Sml1 protein levels accompanied by hypersensitivity to genotoxic agents also occurred (Fig. S2) .
Degradation of Sml1 is a cell-cycle-dependent process that takes place at S phase. To confirm that the decreased Sml1 levels were not due to the longer S phase occurring in Grx5-null cells, Sml1 levels were determined in a timecourse in synchronized wild-type and Δgrx5 cell cultures. The mutant displayed a delay in Sml1 accumulation (Fig. 5B) , which parallels the delayed cell cycle progression (see Fig. 3 ). Nevertheless, a substantial decrease in the Sml1 protein levels was observed compared to wild-type cells along the entire timecourse (Fig. 5B) , which indicates that constitutive activation of the DNA damage checkpoint occurs independently of the affectation of the cell cycle S phase length (Fig. 5B) .
Given that impairment of the iron-deprivation signaling pathway leads to activation of Dun1 (see Introduction), the possibility existed that the decrease of Sml1 in the absence of Grx5 were exclusively due to such impairment. To test this possibility, mutant cells lacking other ISC machinery proteins different from the core components (and consequently not participating in the control of iron homeostasis) were also studied. We focused on those that specifically transfer [4Fe-4S] clusters to mitochondrial apoproteins, such as Iba57 and Isa1. The Δcox12 mutant cells were also analyzed as a control of a mitochondrial protein not related to Fe-S biosynthesis. Our results showed a significant decrease of Sml1 abundance in the absence of any of the tested ISC proteins, in contrast to the lack of Cox12 (Fig. 5C) . Based on such results, we analyzed the presence of Rad52-YFP foci in Δiba57 cells, and observed 4.9-fold more foci in their budded subpopulation than in wild-type budded cells (Fig. 5D ). In contrast, Δcox12 or iron-depleted cells treated with the iron chelator BPS did not show differences compared to wild-type cells. The spontaneous mutation rate in Δiba57 cells was also higher (7.1 times) than in wild-type cells (Fig. 5E ). In summary, DNA damage also occurs in the absence of Iba57, with the consequent checkpoint activation.
Sml1 protein levels were also analyzed in conditions where the expression of the essential CIA component Nbp35 was conditionally switched-off, by using the tetO 7 promoter. Sml1 levels decreased in the absence of Nbp35 (Fig. 5F ), indicating that compromising the CIA machinery also leads to a decrease in the amount of Sml1. These results contrast with those of Sanvisens et al. (2014) , who reported that Sml1 levels remain the same as in wildtype cells upon CIA biogenesis impairment when analyzed using GAL1 promoter-driven expression of Nbp35. Because of such disagreement, we studied Sml1 levels in wild-type cells from two different genetic backgrounds, CML235 and W303, and in GAL1-NBP35 (Hausmann et al., 2005) mutant cells. Important differences in Sml1 protein abundance existed depending on the sugar source, glucose or galactose, in the W303 background (Fig. S4A) , which might interfere with the interpretation of the results when using the GAL1-promoter-based conditional mutants.
Finally, we analyzed Rad52-associated foci in the absence of Nbp35 by using the same tetO 7 -based expression system, and observed 3.6-fold more foci when Nbp35 was absent (Fig. 5G) , confirming that defects in the CIA machinery also lead to DNA damage.
Rnr2 displays a predominantly cytoplasmic distribution pattern upon impairment of the ISC and CIA machineries Similar to Sml1 levels, a significant reduction in Dif1 was also expected in Δgrx5 mutant cells, pointing to a consequent subcellular redistribution of the Rnr2-Rnr4 complex. We first determined Dif1 protein levels in wild-type and ISC mutant cells. A decrease in Dif1 abundance was observed in both Δgrx5 and Δiba57 cells, similar to MMS-treated wild-type cells (Fig. 6A) . Next, we analyzed the subcellular localization of the Rnr2 protein in Δgrx5 cells. A cytoplasmic distribution of Rnr2 was observed in most of these cells, whereas almost all Rnr2 protein remained nuclear or nucleocytoplasmic in the non-treated wild-type cells and relocated to the cytoplasm upon MMS treatment (Fig. 6B) . Although quantitatively different from the Δgrx5 mutant, cells without Iba57 also displayed constitutive nucleocytoplasmic (44%) or exclusively cytoplasmic (49%) distribution of Rnr2 (Fig. 6B) . Taken together, these results demonstrate a predominantly cytoplasmic distribution pattern for Rnr2 upon impairment of the ISC machinery, pointing to a more efficient assembly of the active RNR complex. To investigate whether this effect also occurred upon CIA impairment, we analyzed Rnr2 distribution in the conditional CIA mutant tetO 7 -NBP35. A significant cytoplasmic or nucleocytoplasmic Rnr2 compartmentalization in the absence of Nbp35 was observed (Fig. 6C) , indicating that both ISC and CIA machinery impairment leads to a prevalent Rnr2 cytoplasmic distribution and, hence, upregulates RNR activity.
Differences between Δgrx5 and Δiba57 mutants concerning the functional levels of the Rnr2-Rnr4-nuclear-anchoring protein Wtm1 would explain the distinct efficiencies in Rnr2 cytoplasmic distribution because only dysfunctions at the core ISC machinery lead to constitutive induction of the Aft1-dependent regulon member, CTH2, whose product destabilizes the WTM1 mRNA among others (Sanvisens et al., 2011) . In this sense, an important increase in CTH2 mRNA levels coupled with a concomitant decrease of WTM1 mRNA is observed in Δgrx5 cells, changes that do not occur in Δiba57 cells (Fig. S3A) . Cth2 is also important in determining the Rnr2 distribution in Δgrx5 cells (Fig. S3B,C) .
The Δgrx5 and Δiba57 mutants differ in the mediators required to activate the DNA damage checkpoint Next, we determined whether the activation of the DNA damage checkpoint response in ISC mutants was dependent on the canonical Mec1-Rad53-Dun1 pathway, which is responsible for the checkpoint activation upon treatment with genotoxics. Recent studies have shown that in iron-deprivation conditions and other situations affecting iron sensing, reduction of Sml1 levels occurs in Fig. 4 . Interactions between the Δgrx5 mutation and mutations in different DNA damage repair pathways. (A) Exponential growth rates of wild-type (wt, CML235) and the corresponding mutant derivatives (see Table S1 for nomenclature), in YPD medium at 30°C. Values (mean of at least three independent experiments, ±s.d.) were normalized relative to wild-type cells. *P<0.01, **P<0.001 (Tukey-Kramer test). (B,C) Exponential cultures of wildtype (CML235) and the corresponding mutant derivatives (see Table S1 ) in YPD liquid medium were serially diluted and spotted on YPD plates containing the indicated agents. Growth was recorded after 6 or 3 days of incubation at 30°C. a Dun1-dependent but Mec1-and Rad53-independent manner (Sanvisens et al., 2014) . Consequently, we studied Dun1 kinase involvement in Sml1 degradation in both Δgrx5Δdun1 and Δiba57Δdun1 mutants. In the absence of Dun1, reduction of Sml1 levels was abrogated when either Grx5 or Iba57 were missing (Fig. 7A) , indicating the dependence of the process on Dun1. In accordance with this, both Δgrx5Δdun1 and Δiba57Δdun1 mutant cells exhibited slower growth rate and higher sensitivity to MMS than single Δdun1, Δgrx5 or Δiba57 mutants (Fig. S4B) . No constitutive hyperphosphorylation of Rad53 was observed in either Δgrx5 or Δiba57 cells, although, upon MMS treatment, accumulation of the hyperphosphorylated Rad53 species was more intense in both mutants compared to wild-type cells (Fig. 7B) . Next, we studied the involvement of Mec1 in the checkpoint activation in both ISC mutants by using a Δdif1Δmec1 strain, in which deletion of DIF1 suppresses the lethality of the Δmec1 mutation (Wu and Huang, 2008) . Wild-type, Δdif1 and Δdif1Δmec1 cells displayed similar levels of Sml1. As expected, these levels decreased identically upon MMS treatment in wild-type and Δdif1 cells, whereas in the absence of Mec1 (Δmec1Δdif1), Sml1 levels were maintained (Fig. 7C,D) . The Δgrx5Δdif1 mutant showed the same decreased Sml1 levels as Δgrx5 cells, corroborating that the lack of Dif1 does not affect the Sml1 amount in this mutant. The triple Δgrx5Δdif1Δmec1 mutant, however, showed no recovery of Sml1 levels, indicating that the decrease of the Sml1 protein in the absence of Grx5 is independent of Mec1 (Fig. 7C) . By contrast, in Δiba57Δdif1Δmec1 cells, Sml1 levels remained similar to in wild-type cells, indicating that in Iba57-null cells the signaling process is dependent on Mec1 (Fig. 7D) . In addition to activating Rad53, Mec1 can also activate the Rad53 paralog Chk1, which is a mitosis inhibitor upon DNA damage that acts through Rad53-independent pathways (Sanchez et al., 1999) . To determine the participation of Chk1 in the checkpoint response of both ISC mutants, we analyzed Sml1 levels when Chk1 was also missing. These levels were still reduced in a double Δgrx5Δchk1 mutant (Fig. 7E) . In contrast, analysis of the Sml1 levels in synchronized cultures showed that these were similar in the Δiba57Δchk1 mutant to in the wild-type (Fig. 7F) . Note that the Δchk1 mutant displays similar Sml1 levels as wild-type cells along the cell cycle (Fig. S4C) , altogether pointing to a Chk1 dependence for decreasing Sml1 protein levels in Δiba57 but not in Δgrx5 cells. This result would implicate Chk1 as a mediator of the signaling pathway in cells lacking Iba57. In conclusion, different mediators participate in the constitutive checkpoint response in Δgrx5 and Δiba57 cells.
Finally, we investigated the signaling mediators responsible for the reduced levels of Sml1 when the CIA machinery becomes impaired, using the conditional tetO-NBP35 mutant. The results showed the requirement of both Dun1 and Mec1 for activating the checkpoint upon downregulation of NBP35 expression (Fig. 7G,H) .
DISCUSSION
Failures in DNA replication and DNA damage response compromise genome integrity. Defects in the mitochondrial ISC assembly machinery are connected with nuclear genome instability . In this sense, several Fe-S proteins carry out key roles in different nuclear DNA metabolism processes, such as replicative (Polα, Polε, Polδ) and TLS (Polζ) DNA polymerases , DNA primase, DNA glycosylases, DNA helicases and nucleases (Dna2) (Wanrooij and Burgers, 2015) , and components of several DNA repair systems (Rudolf et al., 2006 ; Stehling et al., 2012; Gari et al., 2012) . Furthermore, the yeast Mms19 protein (necessary for maturation of Fe-S proteins involved in DNA metabolism) affects DNA repair, chromosome segregation and heterochromatin silencing .
This work is focused on the genomic instability associated with failures at different stages of the mitochondrial Fe-S biogenesis, and particularly, goes further in determining which DNA repair or lesion bypass pathways are required for cell survival, especially when the core ISC member Grx5, or the non-core one, Iba57, are absent. Given that several components of the ISC core machinery are essential for cell viability, the viable Grx5-null cells constitute a suitable model to further study such a relationship. Our findings show that Grx5-null cells display DNA-damage-related phenotypes that are shared by other ISC machinery mutants analyzed, and that the reported genomic instability is a primary defect due to impairment of ISC formation independent from other previously described phenotypes.
DNA damage in ISC mutants arises during S phase, because budded Δgrx5 cells but not unbudded ones exhibit an increase in spontaneous Rad52-associated foci. In accordance, the S phase progression is delayed in the ISC mutants, especially in the case of Δgrx5 cells. These results support the idea that constitutive defects in DNA replication might be the source of this damage and, consistent with this, that ISC mutant cells are hypersensitive to hydroxyurea. The reduced availability of Fe-S in the absence of Grx5 would decrease the activity of DNA polymerases and DNA helicase (Dna2) requiring functional [4Fe-4S] clusters, leading therefore to the destabilization of the DNA replicative complex, and likely to the loss of accessory subunits , which are essential for function at replicative forks. The exact nature of the DNA damage in the ISC mutants analyzed in this study is not known. The increase in foci formation implies the repair of spontaneous DNA lesions such as DSBs, nicks and/or ssDNA gaps (Lisby et al., 2001; Lettier et al., 2006) , because all of these lesions are recognized by Rad52 (Lisby et al., 2003) . Furthermore, the moderate increase in the phosphorylated state of histone γH2A in Δgrx5 cells suggests that the primary DNA damage events might consist of DSBs or large ssDNA gaps, which are substrates for homologous recombination (Kuzminov, 2001; Kowalczykowski, 2000) and trigger the DNA damage response (Rouse and Jackson, 2002) .
We have explored the DNA repair or lesion bypass pathways that might participate in repairing such damage or allow replication across DNA lesions in the case of Grx5-null cells, and have demonstrated genetic synthetic interference with components of the PRR pathway. In this sense, Δgrx5Δrad6 cells, where both the errorprone and -free PRR branches are compromised, display severely affected growth, which is aggravated in the presence of DNA damaging agents even at low dose. This effect could be explained by failures in Rad6-dependent PRR-independent ubiquitylation and degradation of Sml1, leading to low RNR activity (Andreson et al., 2010) . However, the Δgrx5Δrad5Δrev3 cells, which have both PRR branches disrupted but still harbor Rad6, display identical growth failures, corroborating the PRR requirement for cell survival in cells lacking Grx5. In a Δgrx5 background, the Rad5-null cells exhibit a more compromised growth compared to the Δrev3 cells, meaning that the PRR-error-free branch would play a more crucial role in Δgrx5 cells. Δgrx5 mutant cells define a scenario where activity of Rev3, which requires a [4Fe-4S] cluster , might be affected. Given that Grx5-null cells are viable, it is likely that a low level Fe-S synthesis might still occur, meaning that Rev3 would still be partially functional in them. In this sense, the impaired growth caused when disrupting the error-free pathway is aggravated when both Rev3 and Rad5 are absent, indicating that Rev3 exerts a subsidiary function in the former conditions. The homologous recombination pathway plays an important role in the PRR-error-free branch (Broomfield et al., 2001) . Consistent with this, when components of the homologous recombination pathway are absent in Δgrx5 cells, hypersensitivity to DNA damage is critically increased. Thus, both Δrad50 Δgrx5 (with both homologous recombination and NHEJ pathways disrupted) and Δrad52 Δgrx5 (where only homologous recombination is impaired) exhibit severe hypersensitivity at low doses of genotoxic agents, emphasizing the function of homologous recombination in Δgrx5 cells. In agreement, the formation of Rad52-associated foci, which are a homologous recombination marker, increases in the mutant. Thus, DNA repair and recombination systems would work coordinately to prevent genome instability caused by failures in DNA replication in Grx5-null cells. Unstable complexes at the replicative forks might accumulate aberrant DNA structures in the absence of Grx5, requiring the homologous recombination system for repair. In addition, Δrad50 cells do not display aggravated hypersensitivity compared to Δrad52 cells, suggesting that the NHEJ pathway might not be involved in the DNA repair of Grx5-null cells.
Constitutive DNA repair in Δgrx5 cells would need a surplus of dNTPs. The marked extension of S phase in hydroxyurea-treated mutant cells (compared to wild-type ones) would reflect the higher dNTP requirement in the mutant. Thus, disrupting the ISC machinery elicits a DNA damage response that triggers upregulation of RNR activity, by promoting degradation of Sml1. Consistently, the nuclear importin Dif1 also shows constitutively reduced levels in Grx5-null cells, leading to the cytosolic redistribution of the Rnr2-Rnr4 complex, in addition to reduced levels of WTM1 mRNA, altogether increasing the RNR activity. Except for the last finding, these effects are qualitatively shared with Iba57-null cells. Given that WTM1 downregulation is dependent on the mRNA-destabilizing role of Cth2, a member of the Aft1 regulon that is activated in Δgrx5 cells but not in Δiba57 ones, this would account for the differences between both mutants, which include a less-dramatic cytosolic redistribution of Rnr2 in Iba57-null cells. In any case, our results support the existence of nuclear DNA damage also in the absence of Iba57, therefore pointing to a direct or indirect role of this lateral branch member of the ISC machinery outside the mitochondria. Interestingly, the conditional knockout of NBP35 also displays constitutive reduction of Sml1 protein and cytosolic redistribution of Rnr2, confirming that impairment of the CIA machinery might also trigger the upregulation of the RNR activity.
The increase of dNTP content in response to endogenous DNA damage in the ISC mutants might serve to promote tolerance to such damage. Thus, high dNTP levels result in cell survival (Chabes et al., 2003) , possibly by decreasing spontaneous fork stalling, promoting DNA chain elongation in the presence of replication stress or increasing the translesion DNA synthesis (Poli et al., 2012) . Given that a similar response was observed in mutants with reduced genomic integrity, such as Δrad54, Δrad55 and Δtsa1, it has been suggested that the upregulation of RNR could be a general response to genome instability (Davidson et al., 2012) . Constitutively high dNTP levels, in turn, might increase the spontaneous mutation rate (Chabes et al., 2003) , which might correspond to the mutator phenotype of the ISC mutants. High intracellular dNTP concentrations have been proposed to induce mutagenesis through misincorporation by replicative polymerases, by mismatch extension, or possibly through an increase of DNA synthesis by error-prone polymerases (Chabes et al., 2003; Kumar et al., 2011) .
The signaling pathway triggered by DNA damage in the ISC mutants differs from the canonical one mediated by Mec1, Rad53 and Dun1. Although all three mutants analyzed in the present study require Dun1 activation, this is Rad53-independent in all three cases. In addition, Iba57-or Nbp35-null cells trigger Mec1 activation, because the absence of Mec1 totally abrogates the reduction of Sml1 levels. Moreover, the lack of the Rad53 paralog Chk1 abrogates the Sml1 decrease in Δiba57 cells, supporting strongly the idea that Chk1 participates in the pathway. In contrast, Mec1 or Chk1 are not required to activate Dun1 in Grx5-null cells. These data are surprising, because all three ISC mutants exhibit similarly increased levels of Rad52 foci, suggesting similar levels of DNA damage. A reasonable possibility might be that two different signaling pathways can contribute in this signal transduction, both converging at Dun1 (Fig. 8) : on the one hand (in Δiba57 and in conditional NBP35 cells), the DNA damage checkpoint-like pathway mediated by the Mec1-Chk1-Dun1 signaling transduction pathway, and on the other hand (in Δgrx5 cells), the Mec1-independent activation of Dun1 already shown to operate upon impairment of iron-signaling components (Sanvisens et al., 2014) . Only the second pathway would operate in Grx5-null cells, given that no differences in Sml1 levels are appreciated in Δmec1Δgrx5 cells, compared to the single Δgrx5 mutant. However, Dun1 activation in iron deprivation conditions seems not to be associated with DNA damage, as no increase of Rad52 foci is detected in these conditions.
Other situations exist where the DNA damage signaling pathway differs from the canonical pathway, underscoring different roles of the components. Thus, Δrad53Δchk1 cells exhibit less gross chromosome rearrangement than either Δmec1 or Δdun1 single mutants, which suggests that not all the signals from Mec1 to Dun1 go through Chk1 or Rad53 (Myung et al., 2001) . Moreover, the reduced ability to silence gene expression at telomeres depends on Mec1 and Dun1, but is Rad53-and Chk1-independent (Craven and Petes, 2000) . Similarly, Mec1-and Dun1-dependent phosphorylation of Sod1 leads to its nuclear redistribution to become active as a reactive oxygen species (ROS)-response transcriptional factor (Tsang et al., 2014) . Furthermore, some Mec1-specific substrates in the replisome are required for the resumption of DNA synthesis from stalled forks (Rouse, 2004) . Additionally, Rad53-independent Mec1 functions are expected because Δmec1 cells are more sensitive to fork-stalling agents than Δrad53 cells (Segurado and Diffley, 2008) . Finally, Mec1, but not Rad53, is required to stabilize Polε at the stalled forks (Cobb et al., 2003) , pointing again to different functions.
In summary, this study demonstrates that defects at different stages of Fe-S synthesis result in nuclear DNA damage and cause (through pathways different from those acting upon treatment with external genotoxic agents) activation of the DNA damage checkpoint and RNR upregulation, with Dun1 as a central actor in this response. Upstream transducers of the DNA damage signal remain to be elucidated.
MATERIALS AND METHODS

Strains, plasmids, growth media and culture conditions
Strains employed in this study are listed in Table S1 . They are in the W303-1A (Thomas and Rothstein, 1989) or FY1679 (Winston et al., 1995) genetic backgrounds. Plasmids pMM25 and pMM27 contain GRX5 and GRX5-C60S under their own promoter (Bellí et al., 2002) . YPD (1% yeast extract, 2% peptone, 2% glucose), YPGal (as YPD except 2% galactose instead of glucose), or synthetic SC medium (Sherman, 2002) with 2% glucose were usually employed for S. cerevisiae cell growth. Doxycycline (5 µg/ml) was added to inhibit expression of genes under control of the tetO promoter. Cultures were incubated at 30°C unless otherwise indicated.
Bathophenanthroline (BPS) treatment was performed at 100 µM (final concentration) for 6 h. For anaerobic growth, the Genbox anaer system (bioMérieux) was used.
General genetic methods
Standard protocols were used for DNA manipulations and transformation of yeast cells. Single null mutants were generated using the short-flanking homology approach after PCR amplification of the kanMX4 (Wach et al., 1994) , natMX4 , hphNT1 (Janke et al., 2004) or CaURA3MX cassettes, and selection for geneticin, nourseothricin or hygromycin B resistance or for uracil prototrophy, respectively. Gene disruptions were confirmed by PCR analysis. Multiple mutants were obtained by crossing the parental mutant strains, followed by diploid sporulation, tetrad analysis and selection of the mutant combinations (Sherman, 2002) .
Determination of growth sensitivities
Sensitivity to chemicals was determined in plate growth assays by spotting serial 1:10 dilutions of exponential cultures onto YPD plates containing the corresponding agent, and recording growth after 2 or 3 days of incubation at 30°C, except as otherwise indicated. Sensitivity to UV light was determined by spotting serial culture dilutions on YPD plates, and irradiating these with a Stratalinker UV Crosslinker Model 2400 apparatus. Growth was recorded as above. Growth of several strains in liquid medium under parallel separate treatments was automatically recorded (optical density at 600 nm) at 1-h intervals during 24 h, using individual 0.5 ml cultures in shaken microtiter plates sealed with oxygen-permeable plastic sheets in a PowerWave XS (Biotek) apparatus at controlled temperature. Identical cell numbers were inoculated initially in each parallel culture.
Determination of recombination and mutation frequencies
Recombination frequencies in strains carrying the chromosomallyintegrated leu2-k::ADE2-URA3::leu2-k cassette were determined from exponentially growing cultures in SC medium by selecting for 5-fluorotic-acid-resistant (FOA R ) colonies, as detailed in Diaz de la Loza et al. (2011) . Mutation frequencies were obtained (eight independent experiments for each strain) by comparing the number of colonies growing on non-modified SC plates with those growing on SC plates without arginine and containing canavanine at 60 mg/ml (can R colonies), after plating exponential cultures from liquid medium.
Quantification of Rad52-YFP foci
Exponentially growing cells in YPD liquid medium expressing Rad52-YFP from a chromosomally-integrated construction (in the case of Δgrx5 mutant cells) or from a centromeric plasmid ( pWJ1213; gift from R. Rothstein, Fig. 8 . Schema of the DNA damage signaling pathway associated with failures at different stages of the mitochondrial Fe-S biogenesis. Different signaling mediators contribute to activate the DNA damage checkpoint in Δgrx5 or Δiba57 mutant cells.
Dept. Microbiology and Immunology, Columbia University, USA) were observed with an Olympus BX51 fluorescence microscope equipped with an Olympus DP30BW digital camera, using excitation and emission wavelengths of 480 and 527 nm, respectively. Foci were inspected and counted by examining all of the focal planes intersecting each cell. Three independent experiments were performed for each strain and condition, and at least 500 cells were counted per sample, discriminating between budded and unbudded cells.
Cell cycle studies
Cells were synchronized in G1 by incubating exponentially growing cells in YPD medium (1×10 7 cells/ml) with 4 µg/ml α-factor for 45 min, followed by repetition of the same treatment. Cells were released from the G1 arrest by filtration and extensive washing with prewarmed YPD medium and resuspension in fresh medium at the original cell concentration. Samples were taken at different times and flow cytometry was performed following standard procedures.
RNA analyses
RNA isolation and electrophoresis, probe labelling with digoxigenin, hybridization and signal detection were performed as described previously (Bellí et al., 1998) . Gene probes were generated by PCR from genomic DNA, using oligonucleotides designed to amplify internal open reading frame (ORF) sequences.
Protein analyses
Western blot analyses were performed according to Bellí et al., (1998) , with anti-Sml1 (1:1000 dilution; Agrisera), anti-Rad53 (1:2000 dilution; Abcam), anti-Dif1 (1:1000 dilution; gift from J. Elledge, Dept. Cell Biology, Harvard University, USA) and anti-phospho-H2A (S129) (1:1000 dilution; Abcam) antibodies. Anti-Hxk1 antibody (1:5000 dilution; US Biological) was used for loading controls.
Miscellaneous methods
Immunofluorescence localization of Rnr2 was performed as described in Vergés et al. (2007) . Rabbit anti-Rnr2 (gift from J. Stubbe, Dept. Chemistry, Massachussets Institute of Technology, USA; 1:10,000 dilution) and Alexa Fluor488 goat anti-rabbit (Molecular Probes) antibodies were employed for signal detection. Visualization was done with an Olympus BX51 fluorescence microscope, with U-MNUA2 and U-MNUA3 filters respectively for DAPI and GFP staining.
Statistical analyses
The Mann-Whitney U and Tukey-Kramer tests were used, using the JMP 10 software. Values in the mutant strains were compared with those of wildtype cells (*P<0.01, **P<0.001).
